ABSTRACT Background: Socioeconomic inequalities in birth weight and in body mass index (BMI) later in childhood are in opposite directions, which raises questions about when during childhood the change in direction happens. We examined how maternal and paternal education and household income were associated with birthweight z-scores and with BMI z-scores at age 5 and 12 months and 7 years, and we examined the socioeconomic differences in the tracking of these z-scores across infancy and childhood.
INTRODUCTION
Childhood overweight and obesity pose a troubling threat to future public health. Although the increasing trends in childhood overweight and obesity seen in developed countries from the 1970s [1] [2] [3] [4] have been followed by levelling off, 5 6 the prevalence has stabilised at a high level. Since childhood overweight and obesity track strongly into adulthood 7 with adverse health consequences, 8 we need to trace the roots of the overweight epidemic by looking at explanatory factors as early in life as possible in order to develop effective prevention strategies. Children from less advantaged socioeconomic homes have traditionally had lower birth weight, 9 but in high-income countries these children have an increased risk of
Strengths and limitations of this study
▪ A strength of this study is the large sample size. ▪ Another strength is the repeated measures of body size and several indicators of socioeconomic position ( parental education and household income). ▪ By linking the Danish National Birth Cohort (DNBC) to Statistics Denmark via the unique Danish personal identification number, it was possible to obtain information on socioeconomic indicators on almost all mothers participating in the DNBC. ▪ A limitation is the parental-reported measurements of height and weight at age 7 years. ▪ Another limitation is the selection for participation in the DNBC and for participation for follow-up, which could introduce bias.
overweight and obesity later in life. [10] [11] [12] [13] While there is evidence for an inverse relationship between socioeconomic position and body mass index (BMI) status among children, adolescents and adults, 10-12 14 these studies do not clearly indicate how early the socioeconomic inequalities in BMI and overweight emerge and how inequalities change and track across early childhood. Socioeconomic inequality in overweight among children has previously been addressed and found to be inconsistent, 12 but in the recent cohorts, an increasing number of studies report an inverse socioeconomic gradient in child and adolescent overweight and obesity. 14 However, studies with data from birth onwards yield very mixed results. [15] [16] [17] [18] [19] [20] Therefore, in a large Danish birth cohort, we aimed to investigate: 1. Whether individual changes in the tracking of anthropometry z-score from birth to age 7 years differ according to parental educational level and household income level at birth. 2. How maternal and paternal educational level and household income are associated with birth weight for gestational age z-scores and with BMI z-scores at age 5, 12 months and 7 years. We hypothesised that there would be socioeconomic inequalities in the tracking and that the socioeconomic gradient in the birthweight z-score would be positive and that the gradient would shift during infancy and be inverse at age 7 years.
MATERIALS AND METHODS
Ethics statement: All participants in the Danish National Birth Cohort (DNBC) gave written informed consent. Data were analysed anonymously and the storage and linking of the data in this study were approved by the Danish Data Protection Agency and by the steering committee of the DNBC.
Study population
This study was based on data from the DNBC. Between 1996 and 2002, pregnant women in Denmark were invited to the cohort at their first antenatal visit to a general practitioner (GP). Women were eligible if they were able to complete a 30-40 min telephone interview in Danish. Approximately 30% of all pregnant women in Denmark during the period of enrolment participated in the DNBC and the response rate among all invited women has been estimated to be 60%. 21 The women provided information on exposures in four computer-assisted telephone interviews, in gestational weeks 16 and 31 and at child age 6 and 18 months. When the child turned 7 years of age, the parents were asked to fill in a questionnaire. A total of 100 418 pregnancies were enrolled in the cohort. We initially included the 88 181 live-born singleton children who were born at term. A total of 85 062 of these had valid information on the exposure measures and at least one measurement of birth weight for gestational age or BMI at age 5, 12 months or 7 years and defined the study population (figure 1). More details about the cohort are presented elsewhere. 21 
Measurement of outcomes
Measurements of weight and length at birth were taken and registered by midwives and the information was obtained by linking the cohort with the Danish Medical Birth Registry. 22 The GP takes routine measurements of height/length and weight at age 5 and 12 months. The measurements from these examinations are recorded in a 'child's book' which is kept by the parents and used for communication between the health visitors and the GP. In the telephone interview 18 months after the birth, the parents were asked to report the values from the 'child's book'. In the 7-year follow-up (mean follow-up was 7.1 years), the parents reported the latest measures of height and weight of the child. A total of 21% of the 7-year measurements were made by a GP or by a health visitor and the rest were made by the parents. The outcomes of interest were: birth weight for gestational age and BMI z-scores at age 5 months, 12 months and 7 years. Birthweight z-scores were calculated per gestational week at birth for boys and girls separately, and were based on the internal reference of 84 782 newborn children. BMI z-scores were calculated using an internal reference value (z-score=(observed value−mean)/SD) and were adjusted for exact age at the time of the measurement. For descriptive purposes (table 1), we categorised overweight according to the International Obesity Taskforce Reference (IOTF). 23 
Measurement of exposures
By linking the cohort participants to the Integrated Database for Labor Market Research at Statistics Denmark, 24 we were able to collect information on the individual level of education and income for almost all participants in the cohort. The information was collected using 1st October in the year before childbirth as the time of exposure. Individual information on the longest completed education was categorised according to the International Standard Classification of Education system and converted into three groups: 9 years or less (preprimary, primary and lower secondary), 10-12 years (upper secondary, postsecondary) and 13 years or more (tertiary).
Income was measured as the taxable household income in the mother's household, calculated as the sum of the adults' income adjusted for the number of adults and children in the household uplifted to 0.6 to account for the "equivalence elasticity", the power by which economic needs change with household size (taxable household income/total number of residents in the household 0, 6 ). 25 We calculated income quintiles year by year (1996) (1997) (1998) (1999) (2000) (2001) (2002) and summarised these into one measure.
STATISTICAL ANALYSIS
The associations were analysed using linear mixed-effects models calculating the differences between mean birthweight z-scores and the differences between mean BMI z-scores with 95% CIs. The linear mixed-effects model accounted for the intrachild correlation of the repeated BMI measurements by allowing all individuals to have different (random) intercepts. 26 Allowing for an interaction between socioeconomic position and age allowed us to study body size changes over time (tracking) from birth to age 7 in different groups of socioeconomic position, as well as socioeconomic differences in birthweight and BMI z-scores at different ages. Different models were being fit for each measure of socioeconomic position. The models are explained in detail in online supplementary information S1. Given the gender differences documented in the literature on socioeconomic disparities in overweight and obesity, 10 15 we decided, a priori, to stratify the analyses by sex. To test the robustness of our results, (1) we conducted the analyses with small for gestational age (SGA; below the 10th centile of the sex-specific and gestational agespecific birthweight distribution) as a measure of small size at birth instead of birth weight for gestational age, (2) we conducted the analyses with exclusion of mothers who were students and self-employed mothers.
We further examined the distribution of income by educational groups and education by income groups (see online supplementary table S2a and S2b).
RESULTS

Sample characteristics
A total of 85 062 pregnancies with information on exposure measures and at least one measure of birth weight or child BMI were included in the analysis (figure 1). The average gestational age-specific birth weight and BMI at age 5, 12 months and 7 years by parental socioeconomic indicator can be seen in table 1. Parental and child characteristics by parental socioeconomic indicator are presented in table 2. The percentages of overweight (including obese) among the 7-year-old children were greatest for the lowest educational and income groups (table 1). Women with low educational level were younger, had a younger partner, had more often given birth before, had a higher mean BMI, had partners with a higher BMI and were more often living in a singleparent household. The patterns were similar for paternal educational level and for families with a low relative household income (table 2).
Tracking of anthropometry over time according to parental socioeconomic position at birth The tracking of BMI can be illustrated by setting the birthweight z-score as the reference. We compared the change in body size z-score from birth to age 7 years between educational groups and between income groups. We found that the changes in z-scores at age 7 years were positive for children with parents with <12 years of completed education, whereas the changes in z-scores were negative for children with parents with >12 years of completed education. By using the mean BMI and height for boys (BMI 15.7, SD 1.7, height 126.4 cm) and girls (BMI 15.7, SD 1.8, height 125.4 cm) in the cohort, the effect estimates can be translated into kg for illustration. Having a mother with low educational level was associated with a 0.5 kg higher weight for boys and a 0.6 kg higher weight for girls at age 7 years than if the children had followed their growth trajectory from birth. A high paternal educational level was associated with a 0.6 kg lower weight for boys and a 0.4 kg lower weight for girls at age 7 years than if the children had followed their growth trajectory from birth.
The test for differences in tracking between groups showed that the differences in tracking in z-scores from birth to age 7 years were statistically significantly different between the educational groups, such that children born from parents in lower educational groups increased their body size z-scores more than did children from higher socioeconomic groups (all p values for the interaction between time and education were below 0.05; table 3). For household income, the changes in z-scores from birth to age 7 years were small and for most estimates not statistically significant. The test for differences in tracking between household income groups showed that tracking differed significantly, but there were no clear and consistent patterns in the tracking.
Socioeconomic differences in birthweight z-scores and BMI z-scores at age 5, 12 months and 7 years Birth: For boys and girls, we found an association between low maternal and educational level and lower birthweight z-scores (figure 2 and online supplementary table S1). A household income below the highest quintile was associated with greater birthweight z-scores for boys and girls (table 4) .
Age 5 and 12 months: We found no educational or income gradient in infancy BMI, indicating that the educational gradient shifted from positive to none and that the income gradient shifted from inverse to none in this age period. The estimates were mostly positive, but the majority of the CIs overlapped with the null and the tests for trends were not statistically significant, except for paternal educational level among girls aged 12 months and household income among boys aged 5 months (figure 2, table 4 and online supplementary  table S1 ).
Age 7 years: Clear socioeconomic gradients in BMI z-scores were observed for all socioeconomic indicators such that a relatively low socioeconomic position, measured by education and income, was associated with higher BMI z-scores. Thus, the inverse socioeconomic gradient emerged after 12 months of age. For boys and girls with average BMI and height, the difference between lowest versus highest educational group can be translated into 0.5 and 0.6 kg, respectively. Similar estimates were seen for paternal educational level. For boys and girls, the difference between lowest versus highest income groups can be translated into 0.4 kg.
Additional analyses testing the robustness of the results
Additional analyses using SGA, appropriate and large for gestational age as the body size measures at birth showed the same tendencies as the analyses with birth weight for gestational age and BMI presented in the paper. Excluding mothers who were students or selfemployed did not change the results. 5 Open Access Table 3 Random-effects linear regression analysis of the association between parental socioeconomic position and birthweight z-score and BMI z-scores from birth to age 7 years by gender, the DNBC 1996-2010, n=85 062
Socioeconomic By cross-tabulations and χ 2 tests, we found that a high educational level was associated with high-income level and low educational level with a lower income level (see online supplementary table S2a and S2b).
DISCUSSION
This study showed that the change in body size from birth through age 7 years was socially patterned. A low educational level was associated with an increase in birth weight for gestational age z-score to BMI at age 7 years, whereas a high educational level was associated with a decrease in z-score in this period for both genders. Children with parents with a relatively low educational level were born with lower gestational age-specific birthweight z-scores and had higher BMI z-scores at age 7 years. For household income, the picture was different since a relatively low household income level was associated with higher birthweight z-scores and with higher BMI z-scores at age 7 years. We found that the socioeconomic gradient in BMI was not present during infancy for either education or income, indicating that the gradient disappears during the first few months of life and is established again after infancy, for parental educational level in inverse direction, and for income in the same direction as at birth.
Socioeconomic disparities are observed in highincome countries showing that lower socioeconomic position is associated with slightly more SGA births 27 and higher overweight prevalence levels among children and adolescents. 10 13 14 Children born with a high birth weight may represent a mixture of aetiologies: some children are high-risk children (eg, offspring of diabetic mothers) while others are low-risk children born with high birth weight for genetic and other non-detrimental reasons. 9 This pattern may have changed with the obesity epidemic, whereby a larger proportion of children with high birth weight are born from overweight and obese mothers, and given the social patterning of adult obesity, the social patterning of birth weight may be in a period of change.
Education is an exposure, which may be viewed as a lifelong exposure and as a major route through which knowledge and privileges are passed from one generation to the other, and operates throughout the life course of the offspring. 28 The educational level of the parents is assumed to reflect the intellectual resources of the family of origin, and hence the possible impact on health at an early age. Parental educational level is therefore considered suitable for measuring children's socioeconomic position already in early childhood. How parental education may operate and influence child body size during gestation and early childhood is an open question. The educational gradient in birth weight at term has been found to be partly explained by smoking and maternal pre-pregnancy BMI. 29 A high parental educational level may lower the risk of overweight and affect BMI in children by a better incorporation of health education messages into the daily living and, consequently, healthier behavioural patterns; better skills to communicate with healthcare personnel; and a better access to healthcare services. Parental educational level may further affect the cognitive development of the child and thereby subsequent lifestyles. 30 Household income is assumed to be a marker of material aspects of socioeconomic position. As for parental education, it is not clear how it may influence child body size. Income may affect birth weight and BMI in childhood through the conversion of money and assets to health-enhancing commodities and services. 31 This could, for instance, be characterised by the possibility to choose to buy foods with low energy density and food with a greater diversity, which influences the food preferences and creates the basis for healthy food choices in childhood thereby passing habits from one generation to the next. [32] [33] [34] [35] Previous studies examining the social gradient in a longitudinal design with baseline at birth have shown mixed results regarding the timing of emergence of the socioeconomic gradient. [15] [16] [17] [18] [19] [20] Howe et al studied the socioeconomic pattering, measured by maternal education, in ponderal index and BMI trajectories within the Avon Longitudinal Study of Parents and Children (ALSPAC) with data from South-West England. They found no socioeconomic pattering in trajectories from age 0 to 2 years, but found that socioeconomic differences in BMI trajectories emerged at age 4 and widened between ages 4 and 10 years. 15 These results correspond to the present study showing that the gradient emerges after infancy and in early childhood.
Dubois and Girard 16 found no educational gradient in BMI at age 4.5 years, but they found increased odds of being at the 95th BMI centile or higher for children from the poorest families. Langnase et al concluded that the inverse socioeconomic gradient in BMI emerged between 2 and 6 years. Wijlaars et al 20 found no educational or occupational differences in birth weight, but an inverse socioeconomic gradient in weight already at age 3 months in twins. On the basis of the UK 1958 cohort, Power et al 18 found an inverse socioeconomic gradient in obesity from age 16 years onwards, but not at younger ages. Our results are in line with those of Dubois and Langnase et al, 17 but in contrast to those of Wijlaars et al, 20 which may be due to the different Table 4 Random-effects linear regression analysis of the association between birthweight z-scores and BMI z-scores at age 5, 12 months and 7 years by household income group at birth, the DNBC 1996-2010, n=85 062 †Socioeconomic characteristics Boys birth Boys 5 months Boys 12 months Boys 7 years Girls birth
Girls 5 months Girls 12 months Girls 7 years
Household income quintiles outcome measure and differences in associations between singletons and twins. The differences between our results and the results from the UK 1958 cohort 18 are possibly due to changes in the socioeconomic effects over time.
The finding of an inverse relation between household income and gestational age-specific birth weight was unexpected, since a previous Danish-Finnish study has shown a small but positive income-related inequality in SGA. 27 To examine if many in the low-income group were students, we made analyses excluding this group. Additionally, we looked at the distribution of income by educational group. None of these factors could explain our findings. Our study may be a new development, but has to be tested in other populations before any conclusion is drawn.
Results from the previous studies addressing the question of whether there are socioeconomic differences in the 'tracking' of overweight across childhood indicate that children (age 7-10) from less advantaged socioeconomic backgrounds have an increased risk of overweight in adolescence. 15 36 Our study adds to this literature by being based on a large sample size and by focusing on the tracking of body size z-scores from birth into childhood.
Overall, the differences between previous studies and the results from this study, at least in part, are likely to reflect that the risk factors for growth and increasing BMI, such as breast feeding, smoking during pregnancy and financial constraints on nutrition and physical activity, have different social distributions in different settings. 37 The inverse socioeconomic gradient in childhood BMI and overweight is now present at earlier ages 15 38 and focusing on recent increased disparities during pregnancy, early life and early childhood may shed light on some of the mechanisms behind the development of overweight among younger children in the modern world. The next step from the analyses in the present paper will be to examine why we see these differences in the pathways between education and income on infant and child BMI. A recent systematic review highlights a significant gap in our mechanistic understanding of parent and child behaviours in relation to obesity among socioeconomically disadvantaged groups. 39 
STRENGTHS AND LIMITATIONS
A strength of this study is its large sample size, and the availability of repeated measures of body size and multiple indicators of socioeconomic position. A possible limitation is the selection for participation in the cohort in general and for follow-up, which could introduce bias. Women of disadvantaged socioeconomic position are under-represented in the DNBC compared with the background population. 40 The women participating in the 7-year follow-up have been found to be slightly older, less likely to be overweight before pregnancy and less likely to smoke during pregnancy than those lost to follow-up. 41 Also, there was a slightly lower percentage of overweight children at age 7 years in the cohort than in the general Danish population. 42 The socioeconomic measures and birthweight measure have the advantage of being collected from the registers, so that neither of the measures relies on self-reports. The measures of length and weight at 5 months of age have the advantage of being measured routinely by the GP, but all measurements are individual measurements and may be subject to measurement error. However, the possible misclassification is most likely non-differential. The parents reported height and weight at age 7 years and self-reporting often leads to an under-reporting of BMI. 43 44 A possible underestimation might have been socially skewed. 45 If the socioeconomically disadvantaged parents tended to under-report children's BMI more than the socioeconomically advantaged ones, this would have affected the socioeconomic associations with child BMI at age 7 years towards the null. The reported measurements at age 7 years have been compared with measures of height and weight in a subsample of 1122 children measured by a school doctor. This validation showed that the percentage of children categorised as overweight was slightly lower in the DNBC compared with the school doctors' measurements. However, the validation showed no trend towards increasing differences of weight or height with increasing averages of weight or height between the measurements from school doctors and from the DNBC, most likely reflecting that the disagreements are random errors. 46 Previous studies have addressed the relatively low participation rate and the loss to follow-up in the DNBC. 40 41 47 Different associations were examined and the authors concluded that the internal comparisons were robust to the lack of representativeness, and that the bias due to loss to follow-up was small. 41 47 Howe et al 48 have examined how loss to follow-up in cohort studies often resulted in underestimation of the socioeconomic inequalities, but they found that the direction and the approximate magnitude of the examined associations were valid. Loss to follow-up and self-reported BMI at age 7 years may have affected the 7-year estimates towards the null, but we have no reason to believe that the answer to the main research question in our studyregarding the change of the socioeconomic gradient in child body size-should be biased due to these weaknesses.
Our study was based on one assessment of socioeconomic position before delivery, which allowed us to keep a temporal sequence between exposure and outcomes at birth and in infancy. However, socioeconomic position may change over time, and future studies may address the influence of possible changes in various aspects of parental socioeconomic indicators on BMI later in childhood.
CONCLUSIONS
In this study, we found that children from families with a lower educational level increased their body size z-score from birth to age 7 years, whereas children from families with a higher educational level decreased the z-scores in this 7-year period. We found an association between a lower maternal and paternal educational attainment and lower birth weight for gestational age z-scores and higher BMI z-scores at age 7 years. We found an unexpected association between a lower household income level and higher birth weight for gestational age z-scores, but an expected association with higher 7-year BMI z-scores. We found no educational gradient or household income gradient in infancy. The results indicate that the socioeconomic gradient in body size z-scores disappears during the first months of life and then it develops for parental education in inverse direction and for household income in the same direction after infancy. Open Access This is an Open Access article distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work noncommercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http:// creativecommons.org/licenses/by-nc/4.0/
